Kissing interactions in RNA are formed when bases between two hairpin loops pair. Intra-and intermolecular kissing interactions are important in forming the tertiary or quaternary structure of many RNAs. Self-cleavage of the wild-type Varkud satellite (VS) ribozyme requires a kissing interaction between the hairpin loops of stemloops I and V. In addition, self-cleavage requires a rearrangement of several base pairs at the base of stem I. We show that the kissing interaction is necessary for the secondary structure rearrangement of wild-type stem-loop I. Surprisingly, isolated stem-loop V in the absence of the rest of the ribozyme is sufficient to rearrange the secondary structure of isolated stem-loop I. In contrast to kissing interactions in other RNAs that are either confined to the loops or culminate in an extended intermolecular duplex, the VS kissing interaction causes changes in intramolecular base pairs within the target stem-loop.
R
NA kissing interactions, also called loop-loop pseudoknots, occur when the unpaired nucleotides in one hairpin loop base pair with the unpaired nucleotides in another hairpin loop (1) . When the hairpin loops are located on separate RNA molecules, their intermolecular interaction is called a kissing complex. These interactions generally form between stem-loops containing extensive complementarity; however, stable complexes have been observed containing only two intermolecular Watson-Crick base pairs (2) .
Intramolecular kissing interactions are observed in the native structures of a variety of RNAs including Varkud satellite (VS) RNA, tRNA, and group I introns (3) (4) (5) (6) . These kissing interactions contribute to the assembly and stabilization of their respective RNA structures by joining and orienting helices. Kissing interactions may stabilize both native and nonnative interactions during tertiary folding, which can affect the rate at which the native structure is formed (7) . Kissing interactions often form distorted structures that can serve as recognition sites for proteins, RNAs, metal ions, or other ligands (8) (9) (10) . As a result, kissing interactions contribute to the stability of an RNA structure by affecting both global and local RNA interactions.
The transient formation of an intermolecular kissing complex is required for RNA dimerization during the life cycle of retroviruses (11) (12) (13) (14) (15) , and for the formation of some antisensetarget complexes (16, 17) . Kissing complexes in which the loop nucleotides are complementary can form stable dimers that contain intermolecular base pairs between the loop nucleotides only. Other stem-loops with more extensive complementarity sometimes form unstable kissing complexes, which are quickly remodeled into stable duplex or cruciform isoforms (18) (19) (20) . Secondary structure remodeling involves breaking intramolecular base pairs in each hairpin and using the bases to form intermolecular helices.
The VS ribozyme contains a kissing interaction that is required for self-cleavage of the wild-type RNA in vitro (6) . This interaction involves Watson-Crick base-pairing between loops I and V, and most likely constrains the orientation of these helices in the native structure (Fig. 1A) . The self-cleavage and ligation reactions of wild-type VS RNA also require a secondary structure rearrangement of stem-loop I (Fig. 1 A; ref. 22) . We refer to the secondary structure of stem-loop I required for activity as ''shifted,'' because the 3Ј side of stem I is shifted ''up'' one base compared with the structure of stem-loop I in the absence of magnesium or ribozyme (''unshifted''; ref. 22) .
In this study we demonstrate that the kissing interaction between stem-loops I and V is necessary to rearrange wild-type stem-loop I. Site-directed mutagenesis showed that the requirement of the kissing interaction for self-cleavage can be partially bypassed in RNAs with a mutant shifted stem-loop I. The partial suppression of the self-cleavage defect of mutants with a disrupted kissing interaction further supports a functional role of this interaction in the rearrangement of stem-loop I. Because the suppression is only partial, the kissing interaction likely performs additional functions. Lastly, isolated stem-loop V presented in trans forms a kissing complex with, and rearranges, an isolated stem-loop I. Therefore, even though complementarity between stem-loops I and V does not extend beyond the loop nucleotides, the local interactions within the VS kissing complex are sufficient for the intramolecular rearrangement of base pairs within stem I. the in vitro transcription reaction. H3⌬k D and SH⌬k D were obtained through trans cleavage by a ribozyme derived from VS RNA (27) .
Substrate for trans cleavage assays, containing stem-loop I, was obtained by T7 RNA polymerase transcription from H3 plasmid DNA digested with AvaI (nt 639). Stem-loop I for chemical structure probing was obtained from self-cleavage of RS19 Pre RNAs (or mutant derivatives) during in vitro transcription of RS19 plasmids (or mutant derivatives) digested with EcoRI (22) . Wild-type RS19 D contains stem-loop I (VS nt 621-639), followed by primer binding site P3 (22) . Mutant RS19-V͞I D contains three substitutions within stem-loop I: G630a, U631c, and C632 g. Wild-type stem-loop V, purchased from Dharmacon Research (Boulder, CO) contains nucleotides 688-708 of VS RNA. Mutant stem-loop V was synthesized by T7 RNA polymerase transcription by using an oligonucleotide template (28) . RNAs were purified by electrophoresis through a polyacrylamide͞8.3 M urea gel of the appropriate percentage, and recovered from the gel as described (22) .
Self-Cleavage Assay and Kinetic Analysis. RS19 Pre or mutant derivatives were incubated at 37°C for 2 min in 40 mM Tris⅐HCl (pH 8.0)͞50 mM KCl and self-cleavage was initiated by the addition of MgCl 2 to a final concentration of 10 mM. The self-cleavage activity of H3 and mutant derivatives was analyzed in the buffer used for chemical structure probing. H3 or SH Pre was incubated at 37°C for 10 min in 200 mM Hepes (pH 8.0)͞50 mM KCl and self-cleavage was initiated by addition of MgCl 2 to a final concentration of 100 mM. H3⌬k or SH⌬k Pre did not self-cleave following this protocol. Instead, these RNAs were heated at 90°C for 5 min in 200 mM Hepes (pH 8.0)͞50 mM KCl. MgCl 2 was added to a final concentration of 100 mM, and the RNAs were cooled on ice for 5 min. No cleavage occurred during the heating and cooling steps. Self-cleavage of H3⌬k and SH⌬k was initiated by incubation at 37°C. Reactions were terminated at various time points by removing aliquots into three volumes of formamide loading dye (80% formamide͞50 mM EDTA͞22.5 mM Tris-borate͞0.1% bromophenol blue͞0.1% xylene cyanol). Cleavage products were separated from precursor by electrophoresis through a 4% polyacrylamide͞8.3 M urea gel. RNA was visualized by exposing to a PhosphorImager screen (Molecular Dynamics).
Experimental data from self-cleavage time courses fit to the single exponential equation (r 2 Ͼ 0.976) where F t is the fraction of RNA cleaved at time t, F 0 is the fraction of RNA cleaved at t ϭ 0, A is the fraction of RNA capable of cleavage, and k is the first order rate constant. A varied from 0.66-0.9, depending on the RNA sequence. The parameters were determined by nonlinear regression.
Chemical Structure Probing. H3 D or RS19 D (or mutant derivatives) RNAs were labeled at the 3Ј end by using 5Ј-[ 32 P]pCp and RNA ligase (29) . RNAs were modified with dimethyl sulfate (DMS) as described (30, 31) . Modifications of Ͻ20 nM stemloop I RNAs were performed in the presence of 200 mM Hepes (pH 8.0) and 50 mM NaCl at 30°C, and the concentrations of MgCl 2 shown in the figure legends. Modifications of Ͻ20 nM D RNAs were performed in the presence of 200 mM Hepes (pH 8.0)͞50 mM KCl at 37°C and the concentrations of MgCl 2 indicated in the legends. The sites of cytosine modification were determined by treatment with 50% (vol͞vol) anhydrous hydrazine͞water followed by aniline cleavage. Uridine ϩ cytosine ladders were obtained as described (32) . The RNAs were electrophoresed through an 8% (D) or 12% (stem-loop I) polyacrylamide͞8.3 M urea gel and exposed to a PhosphorImager screen.
Trans Cleavage Assay. Substrate for trans cleavage was labeled at the 3Ј end as described above, and Ͻ20 nM was incubated at 30°C for 10 min in 200 mM Hepes (pH 8.0)͞50 mM NaCl. Stem-loop V, VS ribozyme, or water was added to the concentrations indicated in the figure legend, followed by MgCl 2 to a final concentration of 50 mM. Reactions were terminated by removing an aliquot into three volumes of formamide loading. Cleavage products were separated from substrate by electrophoresis through a 20% polyacrylamide͞8.3 M urea gel and visualized as described above.
Results

Chemical Modification Reveals the Kissing Interaction Is Required for
the Secondary-Structure Rearrangement of Stem-Loop I. To extend our previous investigation of the role of the loop I-V kissing interaction in the self-cleavage of VS RNA (6), we performed mutational analysis of constructs H3 and RS19 ( Fig. 1 A and B) .
Replacing loop V with a 5Ј-CUUG-3Ј tetraloop sequence disrupts the kissing interaction by abolishing Watson-Crick basepairing with wild-type loop I. This loop V substitution significantly reduced the self-cleavage activity of H3 (H3⌬k; Fig. 1 A) , consistent with the previously observed effect of this substitution in the G11 construct (26) . Self-cleavage of H3⌬k was about 10,000-fold slower than H3, barely detectable above background uncatalyzed cleavage (see Fig. 2C ). The kissing interaction was disrupted in RS19, a circular permutation of H3, by substituting three positions within loop V (Fig. 1B, RS19 -V). These substitutions reduced the self-cleavage activity at least 400,000-fold. Activity was restored, almost to the rate of RS19 wild-type RNA, when the loop V substitutions were combined with complementary substitutions in loop I that would restore the kissing interaction (RS19-V͞I). These data reiterate the functional importance of the kissing interaction in different circular permutations of VS RNA, and enable analysis of intra and intermolecular versions of this kissing interaction. To determine whether the loop I-V kissing interaction is required for secondary structure rearrangement of wild-type stem-loop I, we performed DMS modification analysis of H3 and H3⌬k. Chemical modification was performed on the downstream cleavage products (D) of these RNAs, rather than on the precursors (Pre). H3 Pre self-cleaves in the presence of magnesium; H3⌬k Pre was cleaved in trans by a wild-type VS ribozyme (27) . Analysis of D avoids the analysis of a mixed population of Pre and D in the presence of magnesium (24) . In addition, D differs from the minimal self-cleaving domain by only one nucleotide at the 5Ј end, the identity of which is unimportant (21) . In the absence of magnesium C629 and, to a lesser extent, C637, of H3 D were accessible to DMS modification and C626, 634, 635, and 636 were protected, as expected for the unshifted conformation (Fig. 1C, lane 4) . The partial protection of C637 could be due to its interaction with A622 in a non-Watson-Crick pair, as observed by NMR in an isolated, model stem-loop I in the unshifted conformation (33) . In the presence of magnesium (lane 5), C629 was protected from modification by a yet unknown interaction, as observed (24) . Also, C637 was protected from modification, consistent with its pairing with G623 in the shifted conformation of stem-loop I. Importantly, C634 was accessible to modification only in the presence of magnesium (compare lanes 4 and 5), indicating that this nucleotide becomes unpaired to accommodate shifting of the lower base pairs. The DMS modification of H3 D indicates that the conformation of stemloop I is unshifted in the absence of magnesium, and shifted in the presence of magnesium.
In the absence of magnesium, the reactivities of the cytosines within stem-loop I of H3⌬k D revealed the unshifted conformation: C634 was protected from modification, and only C629 and, to a lesser extent, C637 were reactive (lane 8). In the presence of magnesium, C637 of H3⌬k D was even less reactive (lane 9), possibly because of stabilization of the C:Aϩ pair (see above). In contrast to H3 D, C634 remained completely protected from DMS modification in the presence of magnesium, indicating that stem I remains in the unshifted conformation (lane 9). Also, C629 remained reactive, indicating that its protection depends on formation of the kissing interaction. These mutational and biochemical data strongly suggest that a functional role of the loop I-V interaction in the wild-type RNA is to rearrange stem-loop I. Previous observations indicate that both the kissing interaction and the rearrangement of stem-loop I are required for self-cleavage of wild-type VS RNA (6, 22) . DMS structure probing of H3⌬k indicates that the kissing interaction is required to rearrange stem-loop I. Because a functional role of the kissing interaction is to rearrange stem-loop I, the requirement for this interaction might be bypassed in RNAs that contain a mutant stem-loop I that adopts the shifted structure even in the absence of the kissing interaction. The self-cleavage defect of disrupted kissing interaction mutants (e.g., H3⌬k) would be suppressed completely in such a constitutively shifted stem-loop I if the rearrangement is the only role of the kissing interaction; however, suppression would be partial, or would not occur, if the kissing interaction performs additional functions required for self-cleavage, or if any of the mutations are otherwise deleterious.
To determine whether a mutant shifted stem-loop I increases the self-cleavage rate of an RNA with a disrupted kissing interaction, and therefore possibly bypasses this interaction, we made a Shifted Helix mutant of H3⌬k called SH⌬k (Fig. 2 A) . SH⌬k contains a C634g substitution (22) . DMS modification analysis confirmed that stem-loop I in SH⌬k D adopts the shifted structure even in the absence of magnesium (Fig. 2B) . In either the absence or presence of magnesium only C632 and C629 were reactive, indicative of the expected four base pair shifted stem and the disrupted kissing interaction. SH⌬k self-cleaved almost 100-fold faster than H3⌬k (Fig. 2C) . The activities of these RNAs are consistent with the hypothesis that mutationally shifting stem-loop I bypasses one of the roles of the kissing interaction in the wild-type RNA, the rearrangement of base pairing in stem I.
To determine whether SH⌬k achieves a faster self-cleavage rate than H3⌬k by bypassing a functional role of the kissing interaction, or alternatively by a mechanism independent of the kissing interaction, the same mutant shifted helix was introduced into wild-type H3 (SH, Fig. 2 A) . The DMS modification pattern verified that stem-loop I in SH D adopted the shifted structure in the absence of magnesium, and formed the expected tertiary interactions in the presence of magnesium (Fig. 2B) . In the absence of magnesium, stem-loop I adopted the four base pair shifted conformation, revealed by the reactivities of only C629 and C632 (lane 3). In the presence of magnesium, C629 and C632 both were protected from modification (lane 4). C632 is protected because of base pairing with G697 in the loop I-V kissing interaction, whereas C629 is protected by an unidentified tertiary interaction, as previously observed (see above and refs. 22 and 24) . If the faster cleavage rate of SH⌬k compared with H3⌬k occurs by a mechanism independent of the kissing interaction, SH might also self-cleave 100-fold faster than H3; however, we observe that SH self-cleaves at the same rate as H3 (Fig. 2C) . In addition, both SH and H3 self-cleave Ϸ100-fold faster than SH⌬k. This observation suggests that either there are multiple functions of the kissing interaction, only some of which are overcome in an RNA with a mutant shifted stem-loop I, or that the loop V substitutions in SH⌬k are deleterious for reasons additional to the disruption of the kissing interaction. A functional role for the kissing interaction, other than the secondary structure rearrangement of wild-type stem-loop I, may be to stabilize the overall tertiary structure of the ribozyme (see Discussion). Taken together, these data suggest that a mutant shifted stem-loop I increases the self-cleavage rate of SH⌬k by bypassing a function of the kissing interaction.
Although SH⌬k partially bypasses the requirement for the kissing interaction in self-cleavage, it does not bypass the requirement for other ribozyme sequences. The self-cleavage rate of SH⌬rz, which corresponds to the shifted stem-loop I lacking the rest of the ribozyme sequence (Fig. 2 A) , was 300-fold slower than that of full-length SH⌬k (Fig. 2C) . The rate of cleavage at G620 in SH⌬rz was equal to the rate of background cleavage at G618 or g619 within stem-loop I (data not shown), indicating that a shifted stem-loop I alone is not capable of site-specific self-cleavage, and that the active site of the VS ribozyme must include sequences outside of stem-loop I. Therefore, an RNA with a mutant shifted stem-loop I partially overcomes the need for the kissing interaction by adopting a conformation that is necessary, but not sufficient, for catalysis.
Stem-Loop V Is Sufficient for the Rearrangement of Stem-Loop I.
We have shown that the kissing interaction is required to rearrange wild-type stem-loop I, and that an RNA with a mutant shifted stem-loop I partially bypasses the functional requirement of the kissing interaction. The kissing interaction may accomplish the secondary structure rearrangement of wild-type stem-loop I directly through local interactions between stem-loops I and V, or indirectly by facilitating tertiary interactions between stemloop I and other regions of the ribozyme. To distinguish between these mechanisms, we investigated whether a complex forms between stem-loops I and V, and whether this complex is sufficient to rearrange stem-loop I. Fig. 3A shows the DMS modification pattern of wild-type stem-loop I in the absence or presence of wild-type stem-loop V and͞or magnesium. In the absence of stem-loop V, stem-loop I is in the unshifted conformation in the absence or presence of magnesium, deduced from C634 being protected from modification (Fig. 3A, lanes 4 and 6; ref. 22 ). C637 is less reactive in the presence of magnesium, possibly because of stabilization of a non-Watson-Crick base pair with A622 in the unshifted conformation of stem-loop I (33) . The chemical modification pattern in the presence of magnesium and stem-loop V indicated the rearrangement of stem-loop I into the shifted conformation (lane 7): C634 was very reactive, as expected when it becomes unpaired to accommodate shifting of the lower base pairs (22) . The DMS modification pattern of stem-loop I in the presence of stem-loop V, but in the absence of magnesium, was consistent with the unshifted conformation of stem-loop I: C634 was not reactive with DMS (lane 5). These biochemical data reveal that stem-loop V, in the presence of magnesium, is sufficient to rearrange the secondary structure of stem-loop I.
To confirm that C634 reactivity reflects shifting of the lower base pairs, we analyzed an ''unshiftable'' mutant stem-loop I in which the bottom two base pairs in stem I have been changed such that this mutant cannot adopt the shifted conformation (mutant G in figure 3B of ref. 22) . DMS modification of the unshiftable stem-loop I in the presence of magnesium showed that C634 was protected from modification in the presence or absence of stem-loop V, confirming that shifting of the lower base pairs is required to unpair C634 (data not shown).
Although wild-type stem-loop V is sufficient to rearrange wild-type stem-loop I, it is not sufficient for site-specific cleavage of stem-loop I. Stem-loop I containing the cleavage site was a substrate for trans cleavage by a wild-type VS ribozyme (Fig. 3B,  lane 4) . This substrate alone did not cleave in the presence of magnesium (lane 2) or in the presence of stem-loop V under conditions that support the secondary structure rearrangement (lane 3). These data confirm that the shifted structure of stem-loop I is not sufficient for cleavage activity, whether achieved by mutation (SH⌬rz, Fig. 2C ) or by stem-loop V in trans. Therefore, a region outside of stem-loops I and V must contribute to the active site of the VS ribozyme.
To demonstrate that the secondary structure rearrangement occurs through the formation of a kissing interaction, and not through nonnative interaction(s) peculiar to the sequences of wild-type stem-loops I and V, we reconstituted the kissing interaction with different sequences. Mutant stem-loop V (Fig.  3C ) has six substitutions within the helix that maintain base pairing and three substitutions within the loop, shown above to functionally disrupt the kissing interaction with wild-type loop I in RS19 (RS19-V; Fig. 1B) . Mutant stem-loop I has three substitutions within loop I that have no potential for base pairing with wild-type loop V, but are complementary to, and functionally interact with, the loop V substitutions in mutant stem-loop V (Figs. 1B and 3C ). Fig. 3D shows the DMS modification patterns of wild-type or mutant stem-loop I in the presence of magnesium and wild-type or mutant stem-loop V. Only the two combinations of stem-loops I and V that can form a kissing interaction (wild-type I and V, mutant I and V) resulted in secondary structure rearrangement of stem-loop I, revealed by the reactivity of C634 only in lanes 4 and 10. A higher concentration of mutant stem-loop V was required to form a complex with, and rearrange, mutant stem-loop I, suggesting the mutant kissing complex forms weaker interactions than the wild-type ( Fig. 3C ; data not shown). C629 is less reactive with DMS only in the two combinations of stem-loops I and V that form kissing complexes, suggesting that a stem-loop I-V complex is necessary and sufficient for the interaction with C629 that protects this base from modification (22, 24) . Taken together, the mutational and chemical modification analyses indicate that stem-loops I and V interact in trans through a kissing interaction, forming a kissing complex. Moreover, this kissing complex is necessary and sufficient for secondary structure rearrangement of stem-loop I.
Discussion
Self-cleavage of VS RNA requires a kissing interaction between stem-loops I and V, and a rearrangement of the base pairs at the base of wild-type stem-loop I into a shifted conformation. Using chemical modification and mutational analyses, we observed that mutants with a disrupted kissing interaction have severe selfcleavage defects and are unable to rearrange the base pairing of stem-loop I. The self-cleavage defect of a mutant RNA with a disrupted kissing interaction can be partially suppressed by a mutant stem-loop I that constitutively adopts the shifted conformation. These data indicate that one functional role of the kissing interaction between loops I and V for cis-cleavage of the wild-type VS ribozyme is to rearrange the secondary structure of stem-loop I, which includes the cleavage site. The shifted conformation of stem-loop I creates a magnesium binding motif that may be important for function (22) .
The most unexpected observation of the current work is that an isolated stem-loop V is sufficient for the magnesiumdependent secondary structure rearrangement of an isolated stem-loop I in the absence of the rest of the ribozyme (Fig. 3) . Even if stem-loop I makes other tertiary interactions with the rest of the ribozyme, those interactions are not necessary for rearranging the secondary structure of stem-loop I. Secondary structure rearrangement requires a kissing interaction: disrupting the kissing interaction by changing the sequence of loops I or V prevents the secondary structure rearrangement of stemloop I; restoring the kissing interaction with non-wild-type Watson-Crick base pairs restores rearrangement (Fig. 3D) . Wild-type stem-loop V does not rearrange a mutant stem-loop I that contains a noncomplementary loop sequence, suggesting that loop V does not make other sequence-specific contacts with stem-loop I that are sufficient to stabilize the rearranged structure of stem-loop I. Also, in the absence of the kissing interaction, any other interactions within or between stem-loops I and V are not sufficient for the secondary structure rearrangement (Fig. 3D) . The observation that the kissing complex derived from VS RNA is sufficient for secondary structure rearrangement of stem-loop I reveals a structural consequence of kissing interactions not observed previously: remodeling of the secondary structure within one component stem-loop.
In most ribozymes, self-cleavage requires that the cleavage site dock into another region within the RNA (34) (35) (36) (37) ). An exception is the leadzyme, in which the cleavage site and active site reside within the same internal loop (38) (39) (40) . In an isolated shifted VS stem-loop I (in the absence of the rest of the ribozyme) cleavage at the wild-type cleavage site occurred at the same background rate as uncatalyzed cleavage after other single-stranded nucleotides (SH⌬rz, Fig. 2C ). In addition, a substrate containing wild-type stem-loop I that can be cleaved in trans by the VS ribozyme is not cleaved in trans by an isolated stem-loop V (Fig.  3B) . Therefore, the shifted conformation of stem-loop I, whether obtained by mutation or by secondary structure rearrangement by stem-loop V, is not sufficient for cleavage. These data strongly suggest that the active site of the VS ribozyme includes nucleotides outside of stem-loops I and V.
The observation that the self-cleavage defect of a mutant with a disrupted kissing interaction is only partially suppressed by a constitutively shifted mutant stem-loop I suggests that the kissing interaction has a functional role(s) in addition to rearranging the secondary structure of stem-loop I. Disrupting the kissing interaction in a cis-cleaved ribozyme not only prevents the secondary structure rearrangement of stem-loop I, but also appears to destabilize other tertiary interactions in the ribozyme: C665 and C687 do not become as protected from DMS modification in the presence of magnesium in H3⌬k and SH⌬k as in ribozymes that retain a kissing interaction (refs. 6 and 24; data not shown), which is consistent with previous diethylpyrocar-bonate modification data (6) suggesting that the kissing interaction helps to stabilize the overall active structure of the ribozyme. An additional role of the kissing interaction in selfcleavage may be to facilitate docking of the internal loop containing the cleavage site into another region of the RNA by constraining helices I and V in a specific orientation.
Kissing interactions initiate the remodeling of RNA secondary structures in other well studied systems, including the dimerization initiation sites of retroviruses and antisense-target complexes (10, (41) (42) (43) . In these complexes, base complementarity exists not only between the intermolecular hairpin loops, but also between the stem regions. In the case of the dimer initiation complex of the HIV-genomic RNA, a metastable intermolecular kissing interaction culminates in a linear duplex isoform stabilized by intermolecular base pairing (20, 44) . A kissing interaction also initiates the binding of the antisense RNA CopA to its target, CopT, but the outcome of this interaction is an unusual four-way junction defined by the predicted base stacking arrangements of intramolecular helices and newly formed intermolecular helices (19, 45) . In these types of kissing complexes, the intramolecular helices contributing to the initial kissing complex are replaced with intermolecular helices within an extended complex.
Many stable kissing complexes do not remodel the secondary structure of the contributing stems (2, 46, 47) . If the contributing stems are not complementary, which is the case for the kissing complex derived from the VS ribozyme (6), extended duplexes cannot form and the intermolecular base pairs in the complex are exclusively between the hairpin loop nucleotides. In the RNA I-RNA II complex from ColE1 (8) and the tar-tar* complex from the HIV genome (47), the intermolecular interactions are exclusively between the loop nucleotides and the base pairing of the contributing stems is unchanged. The loop-loop helix in these kissing complexes is distorted from A-form, and induces a bend in the complex (8, 47) . These kissing complexes are constrained by the interactions between the hairpin loops, by the necessity to maintain covalent interactions within each stemloop, and by the A-form conformation of each contributing stem. As a result, kissing complexes can stabilize distorted conformations and provide recognition sites for cations, proteins, and͞or RNAs.
The VS kissing complex is unique among known kissing complexes because secondary structure remodeling of a contributing stem occurs in the absence of complementarity between the two stems. This kissing complex contains only three intermolecular Watson-Crick base pairs, which constitute the loop-loop helix (6) . Surprisingly, the kissing complex stabilizes the intramolecular rearrangement of three GC base pairs at the base of stem I and the bulging of a cytosine from the middle of stem I (Fig. 3C) . The kissing complex derived from VS RNA demonstrates that secondary structures can be rearranged into alternative conformations even in kissing complexes where only the loop bases are complementary. The VS kissing interaction extends the structural and functional roles of kissing interactions to include the intramolecular secondary structure rearrangement of one component stem-loop.
